Furthermore, the PA14_prmC mutant strain is unable to grow under anoxic conditions and has a significantly reduced pathogenicity in the infection model Galleria mellonella. Along with transcriptomic and proteomic analyses, the presented data indicate that the methylation of RFs in P. aeruginosa seems to have a global effect on cellular processes related to the virulence of this nosocomial pathogen.
Summary
P. aeruginosa pathogenicity and its capability to adapt to multiple environments are dependent on the production of diverse virulence factors, controlled by the sophisticated quorum sensing (QS) network of P. aeruginosa. To better understand the molecular mechanisms that underlie this adaptation we searched for novel key regulators of virulence factor production by screening a PA14 transposon mutant library for potential candidates acting downstream of the unique 2-alkyl-4-quinolone (AQ) QS system of P. aeruginosa. We focused the work on a protein named HemK with high homology to PrmC of E. coli displaying a similar enzymatic activity (therefore also referred to as PrmC). In this study, we demonstrate that PrmC is an S-adenosyl-L-methionine (AdoMet)-dependent methyltransferase of peptide chain release factors (RFs) essential for the expression of several virulence factors, such as pyocyanin, rhamnolipids and the type III-secreted toxin ExoT.
Furthermore, the PA14_prmC mutant strain is unable to grow under anoxic conditions and has a significantly reduced pathogenicity in the infection model Galleria mellonella. Along with transcriptomic and proteomic analyses, the presented data indicate that the methylation of RFs in P. aeruginosa seems to have a global effect on cellular processes related to the virulence of this nosocomial pathogen. 
Introduction
The Gram-negative bacterium Pseudomonas aeruginosa inhabits a variety of environments including water and soil and has the capability to colonize animals, plants and humans. .
Because of its exceptionally flexible mode of life and high adaptability, P. aeruginosa can be found in industrial and hospital settings and is one of the predominant Gram-negative pathogens in nosocomial infections of the urinary and respiratory tracts and in patients suffering from severe burns . In particular, it plays a critical role in the development and progression of life-threatening chronic lung infections in patients with the genetic disease cystic fibrosis (CF) . Acute and chronic infections are readily established by utilizing an extensive and interacting orchestra of virulence factors such as the redox active phenazine pyocyanin, secreted toxins, lipases, elastases and proteases .
The ability of P. aeruginosa to evoke various life-threatening infections and the flexibility to face the challenge of changing environments can partially be attributed to an intact quorum sensing (QS) system. . QS in P. aeruginosa is enabled by the hierarchically linked and Nacyl-L-homoserine lactone (AHL)-dependent las and rhl systems and the 2-alkyl-4-quinolone (AQ) signaling pathway . Out of over 50 AQ-congeners, two major AQs, 2-heptyl-3-hydroxy-4(1H)-quinolone (the 'Pseudomonas-quinolone-signal'; PQS) and its immediate precursor 2-heptyl-4-quinolone (HHQ) have been shown to function as QS signals with biological relevance. .
To unravel new genes involved in the regulation of virulence factor production we screened for P. aeruginosa PA14 mutants, unable to up-regulate the AQ-dependent virulence factor pyocyanin after exogenous addition of organic extract containing alkyl-quinolone signal molecules (PA14-extract) to the growth media. We identified several AQ-non responding mutants identified by the screen and focused our interest on a mutant carrying a transposon insertion within a gene, coding for the putative methyltransferase HemK. The PA14 HemK homologue in Escherichia coli, PrmC, has been identified as an enzyme that post-translationally methylates a critical amino acid of the release factors RF-1 and RF-2.
Inactivation of prmC leads to increased stop codon readthrough, growth retardation and induction of oxidative stress response . In E. coli and in Porphyromonas gingivalis it was
shown, that prmC and its cognate homologue was up-regulated during infections or in host environment respectively . In this study we show, that HemK has a methyltransferase activity (and is therefore referred to as PrmC) and plays an essential role for P. aeruginosa motility, regulation of virulence factors and adaptation to anaerobic growth. Furthermore, we observed that PrmC is important for the type III secretion system (T3SS) and virulence of P.
aeruginosa in the host infection model Galleria mellonella. Enhanced by transcriptomic and proteomic analyses our results indicate that PrmC exerts an intense effect on global regulatory processes and is significantly involved in calibrating pathogenicity in P. aeruginosa. 
Results

Identification of AQ-non responding mutants
To identify new genes involved in AQ-dependent pyocyanin production, we screened all 5833
mutants of the PA14NR library for their capability to produce pyocyanin and analyzed their responsiveness towards the exogenous addition of concentrated PA14-extract. Excluding transposon mutants within genes, well-known to be involved in pyocyanin biosynthesis , we detected 26 AQ-non responder (without any growth limitation) with impaired pyocyanin production despite addition of PA14-extracts (Table S1 ).
Since pyocyanin production is strongly influenced by the activity of PqsE encoded from the last gene of the pqsABCDE operon , we next investigated whether the AQ-non responding mutants still display a reduced pyocyanin production, when complemented with plasmid borne pqsE (pUC20pqsE ). Table S1 shows, that despite overexpression of PqsE, 4 out of 26 mutants were not capable of increasing the pyocyanin level in our experimental conditions.
Those 4 genes were PA14_25100 and PA14_53980 (both coding for a hypothetical protein), PA14_72390 (the PA14 orthologue of kinB in P. aeruginosa PAO1), and the hypothetical methyltransferase PrmC. A detailed analysis of the latter mutant showed that PA14_prmC
was not able to restore pyocyanin production despite overexpression of PqsE. However, also vice versa, overexpression of prmC (pUCP20prmC) in a PA14_pqsE mutant did not restore synthesis of the virulence factor (Fig. 1) . These results clearly demonstrate that the presence of both proteins, PrmC and PqsE, is essential for P. aeruginosa PA14 to produce pyocyanin. (Fig. 4) .
Methyltransferase activity of PrmC
These results indicate that PrmC affects pyocyanin production independent of the level of RhlR and PqsE. The pqsE gene is encoded by the pqsABCDE operon involved in PQS biosynthesis, so we were interested in whether a reduction in PqsE level is a direct consequence of a decreased expression of the entire operon. We compared the PQS production of a prmC mutant with the wildtype strain but could not detect any significant differences in quinolone signal molecule level (data not shown). Therefore it is likely, that
PrmC affects expression of PqsE posttranscriptionally.
Global identification of PrmC-regulated genes and proteins in P. aeruginosa PA14
To identify genes regulated by PrmC, we used RNA sequencing technology as recently described by Dötsch and colleagues . Under the experimental conditions employed, the transcriptomic data revealed that the expression of 147 genes (P-value ≤ 0.01) equivalent to 2.3 % of all annotated P. aeruginosa genes, was affected more than 4-fold by the loss of PrmC (Table S2 ). About one third of genes was up-regulated (52 genes) and mainly comprised hypothetical and putative proteins. Among the 95 down-regulated genes, we found many genes involved in the production of virulence determinants, such as pyocyanin (phzC1D1E1F1G1, phzC2D2E2F2G2, phzM, phzS) , the chitinolytic enzyme ChiC (chiC) and genes involved in pyochelin biosynthesis or uptake respectively (pchA, pchB, pchC, pchD, pchE, pchF, pchG, fptA) . Furthermore we found many genes involved in T3SS and the production of secretion factors (pscB, pscE, pscF, pscG, pscH, pscK, pscN, pscQ, pscU, popB, popD, popN, pcrH, pcrG, pcrV, exsC, exoT, exoY, exoU) , a key gene enabling denitrification (norB-nitric-oxide reductase subunit B) and genes associated with resistance (opmD, mexI, mexH, mexG) .
Since we expected PrmC to affect translation rather than transcription we performed a proteomic analysis which partially overlapped with the transcriptomic data. We found 163
proteins to be differentially regulated in PA14_prmC, but were just able to identify 26 candidates (Table S1 ). Among them we detected several down-regulated proteins of which the coding genes were already identified in the transcriptomic analysis, such as PhzS, PhzB2, PhzD1, PhzE1 and PhzF1, all involved in phenazine biosynthesis and the chitinolytic enzyme ChiC. GroEL, described as the heat shock 60 kD chaperonin, was also significantly downregulated in PA14_prmC. GroEL is known to be involved in the folding, assembly and transport of newly synthesized proteins in E. coli . The proteome data shows that up-regulated proteins identified by the analysis were mainly involved in translation such as the 30S ribosomal protein S2, energy metabolism, nucleotide biosynthesis (PpiB, PurT, Tal) and iron acquisition (PA14_64520).
PrmC-dependent growth, virulence factor production and motility
The growth rate of PA14_prmC in various defined media displayed no significant differences in comparison to the wildtype strain (data not shown). But we observed an intense growth defect in an anaerobic environment. PA14_prmC was not able to grow in the absence of oxygen ( Fig. 5) , probably due to the diminished production of key proteins involved in denitrification such as NorB (Tab. S2).
Since PrmC exerts an intensive effect on pyocyanin production and positively influences the RhlR protein concentration, we examined if PrmC has a more global effect on bacterial virulence factor production, motility and biofilm formation. The rhl system is essential for the regulation of rhamnolipid production (rhlAB), which occurs during stationary phase of growth . Therefore we first measured the influence of the prmC mutation on rhamnolipid levels. Figure 6 shows that loss of PrmC is attended by a reduction of rhamnolipids, whereby complementation of prmC restores rhamnolipid levels. These results demonstrate that the presence of prmC influences the RhlR-dependent production of rhamnolipids.
In addition to the results revealed by the trancriptomic analysis, a recent report by Garbom et al. (2007) showed that the PrmC homologue VagH in Yersinia pseudotuberculosis is involved in the regulation of the T3SS. Hence, we determined the PrmC-dependent It is known that all three modes of motility in P. aeruginosa are dependent on the rhl system .
Since our results indicate that PrmC affects RhlR-dependent rhamnolipid production, we analyzed if PA14_prmC is as well attenuated in swimming, swarming or twitching. As expected, PA14_prmC displays a significant impaired swimming and twitching phenotype ( Fig. 8B ;C). PrmC was also essential for swarming motility, as the prmC mutant completely lost the ability to swarm under the experimental conditions used (Fig. 8A ). Interestingly, overexpression of PrmC in the wildtype and the prmC mutant did not lead to an increased swarming and twitching phenotype. Conversely we observed an enhanced swimming motility once PrmC was overproduced in both, the wildtype and the prmC mutant strain.
Swarming motility was reported to be inversely related to the capability to form biofilms .
Thus we investigated, if PrmC also effects biofilm formation in a static 96well assay. We
were not able to detect any differences in biofilm formation between the wildtype and the PA14_prmC mutant (data not shown).
The role of PrmC in pathogenicity of P. aeruginosa PA14
Considering the fact, that PrmC is essential for pyocyanin, rhamnolipid and ExoT production and effects motility, we investigated the impact of prmC mutation on P. aeruginosa pathogenicity, using the vertebrate infection animal model Galleria mellonella (greater wax moth). The larvae of G. mellonella are sensitive to P. aeruginosa infections and extensively hours, PA14_prmC infected G. mellonella survived about 4 times longer than G. mellonella infected with PA14 wildtype which died after 14 hours. Plasmid-mediated complementation of prmC mutation restored the pathogenicity of PA14, as the median survival with 20 hours was close to wildtype levels (Fig. 9A) . To scrutinize the significant higher survival rate of G.
mellonella infected with PA14_prmC, we investigated, if the decreased pathogenicity was a possible consequence of growth deficiency in-vivo. The results obtained from the CFU analysis showed that PA14_prmC is not able to proliferate after injection into the host organism ( Fig. 9B ), which in turn could reflect a restrained growth effect correlating with the growth deficiency observed in oxygen limiting conditions ( 
Discussion
In this study we looked for new genes affecting QS and virulence factor production in P.
aeruginosa PA14, such as the phenazine pigment pyocyanin. Pyocyanin synthesis is facilitated by an intact QS system and induced by exogenous addition of AQs. By screening the transposon mutant library towards AQ-responsiveness, we identified a new set of AQ-non responding mutants with a decreased pyocyanin production.
We focused our studies on one mutant affected in the prmC gene. PrmC was demonstrated to be essential for pyocyanin production even in the presence of exogenously added extract containing QS-signal molecules and independent of the AQ effector protein PqsE. By western blot analysis we obtained evidence that in the PA14_prmC background PqsE is still active since overexpression leads to increased RhlR level. PrmC exhibits high homology to the S- In this study we demonstrate that heterologous expression of PA14 PrmC in E. coli can overcome and complement the growth defect in the E. coli prmC knockout mutant CK783
suggesting a similar enzymatic activity as E. coli PrmC. By autoradiography and LC-MS/MS analysis it was clearly shown, that PrmC specifically methylates the peptide chain release factor PrfA and that the methylation occurs at the conserved GGQ motif.
Since previous reports indicate that proteins of the PrmC family exhibit a decisive role in gene expression and posttranscriptional regulation, we analyzed the global regulatory effects of PrmC by generating a transcriptional profile and by conducting a proteomic study of P. for E. coli, kanamycin 50; ampicillin 100; tetracycline 12.5; for P. aeruginosa, carbenicillin 400; tetracaycline 100. Isopropyl-β-D-thiogalactopyranosid (IPTG) was added to the medium at a concentration of 1 mM (E. coli) and 0.1 mM (P. aeruginosa).
Preparation of concentrated organic extract including AQs (PA14-extract)
A volume of 250 ml BHI medium was inoculated with an overnight P. aeruginosa PA14 culture and incubated in an orbital shaker for 24 h with 180 rpm at 37°C. To extract AQs, equal amounts of dichloromethane (250 ml) and culture (250 ml) were mixed, shaken for 1 minute and added to a separating funnel. The lower organic phase was collected and filtered by a paper filter to eliminate slimy interphase residues followed by evaporation under a hood (stirring speed up the process). The dried concentrate was resuspended in 10 ml methanol and frozen in 2 ml aliquots at -20° C. in an orbital shaker for approx. 4 h with 180 rpm at 37°C. Following a defined schema, the 96 samples were split to eight 24 well plates: 5 µl of each mutant preculture was used to inoculate both 500 µl LB and 500 µl LB containing 1 µl/ml PA14-extract. The 24 well plates were inserted in boxes with humid atmospheres and incubated in an orbital shaker with 180 rpm for approx. 16 h at 37°C. After incubation pyocyanin levels were analyzed by eye to judge the differences between cultures with and without exogenously added AQs.
Immunoblotting
Bacterial cultures were grown for 20 h in BM2 medium [7 mM (NH 4 ) 2 SO 4 , 40 mM K 2 HPO 4 and 22 mM KH 2 PO 4 with 0.5 % CAS amino acids] at 37°C to an OD 600 of 3.0. Whole cell lysates were normalized for protein content and 10 µl of an OD 600 of 10.0 were separated by SDS-PAGE (10 % acrylamide) after 15 min incubation at 95°C. Primary antibodies: Rabbit polyklonal antisera α-RhlR and a polyclonal antibody α-PqsE (Biogenes) were used at dilutions of 1:20.000 and 1:5.000 respectively. B4c goat anti-rabbit IgG (Dianova) was used as the secondary antibody at a dilution of 1:4.000. The blot was developed using Lumi-Light Western Blotting Substrate (Roche) and chemiluminescence was detected using Las-3000
Imager (Fujifilm).
Galleria mellonella infection assay
Bacterial strains were grown to exponential growth phase in LB supplemented with carbenicillin. Cells were harvested by centrifugation at 13.000 rpm for 4 min, resuspended in sterile phosphate buffered saline (10 mM PBS, pH 7.5) to an OD 600 of 1.0 and 10-fold serially aeruginosa. CFUs were determined after 14 -24 h incubation at 37°C. PBS was used as a negative control in the experiment.
Transcription analysis
Preparation of RNA and comparative analysis of gene expression was performed as previously described by Dötsch et al. (2012) . RNA was extracted from P. aeruginosa cultures grown in BM2 medium at 37°C to late exponential growth phase (OD 600 of 1.9 -2.1). For each strain two biological replica were used.
Proteomics
P. aeruginosa PA14 wildtype and PA14_prmC mutant were grown in LB medium at 37°C.
Cultures were harvested at an OD 600 of 2.0, washed twice with PBS and the pellet was resuspended in 10 ml lysis buffer (7 M Urea, 2 M Thio-urea, 4 % Chaps, 20 mM Tris base, DTT) and protease inhibitors (Complete mini, EDTA free, Roche). Disruption of the cells was performed by sonication. Lysate was precipitated using the 2D Clean-Up Kit (GE Healthcare) and pellets were resuspended in urea buffer. The protein concentration was determined using a Bradford reagent (BIO-RAD). Samples were passively rehydrated for 12 h and run on IPG strips (pH 3-10, 18 cm) using an Ettan IPGpfor system (GE Healthcare). Each sample dimension separation was performed using gradient SDS-PAGE gels (10-15 %). Gels were fixed with 10 % TCA, stained with Commassie brilliant blue, scanned with ImageScanner III (GE Helathcare) and matched using a Compugen Z3 software. Differentially expressed proteins were cut out from the gel and digested with trypsin and further sequenced using MALDI-TOF.
Pyocyanin quantification
Pyocyanin levels were determined as previously described using cell-free supernatants of P.
aeruginosa cultures grown in BM2 medium for 24 h at 37°C. After centrifugation at 13.000 rpm for 10 min, 1 ml of cell-free supernatant was mixed with an equal volume of chloroform.
Samples were centrifuged at 13.000 rpm for 5 min, and the organic phase was mixed with 1 ml of 0.2 M HCl by brief vortexing. After centrifugation at 13.000 rpm for 1 min, the pink/red top layer was used for spectrophotometrical analysis at 520 nm. Pyocyanin concentrations were calculated by multiplication with 17.072 and standardized by dividing the OD 520 through the respective OD 600 of the cultures.
Rhamnolipid quantification
Relative rhamnolipid levels in the supernatant of P. aeruginosa cultures grown in BM2 medium for 48 h at 37°C were quantified indirectly using a 1.6 % orcinol assay previously described . After centrifugation at 13.000 rpm for 10 min, a volume of 600 µl of the culture supernatants was mixed with 3.4 ml diethylether by brief vortexing. Samples were centrifuged at 13.000 rpm for 5 min and 2 ml of the upper fraction was evaporated to a final volume of 1 ml. After addition of 600 µl 20 mM HCl and vigorous vortexing, samples were centrifuged for 3 min at 13.000 rpm and 500 µl of the organic phase was evaporated to dryness. The remainder was dissolved in 100 µl 1.6 % orcinol and 800 µl of 60 % H 2 SO 4 and after 30 min incubation at 80°C rhamnolipids were measured spectrophotmometrically at an OD 421 . 
Extraction and quantification of P. aeruginosa AQ metabolites
AQs were extracted from P. aeruginosa cultures grown in BM2 medium at 37°C for 24 h with dichlormethane as described previously . Briefly, the bacterial cultures were normalized to an OD 600 of 3.0 and mixed with 2 volumes of dichlormethane by vigorous shaking. After centrifugation at 13.000 rpm for 5 min, the lower organic phase was evaporated to dryness, before being dissolved in methanol.
TLC was perfomed using a silica gel 60 F254 plate which had been previously soaked for 30 min in 5 % KH 2 PO 4 and activated at 85°C for 1 h. The P. aeruginosa extracts were separated by TLC using a 95:5 dichlormethane-methanol mobile phase until the solvent front reached the top of the plate. Fluorescent spots were visualized under UV light and photographed.
Synthesized PQS (2 µl of a 2 mg/ml standard) was used as standard. 
GC-MS analysis was
Fluorescence assay
To analyze the in-vivo expression level of ExoT in P. aeruginosa, the vector pexoT-gfp was digested with EcoRI and cloned in the opposite orientation to the lac promoter in pUCP20.
The resulting plasmid pUCP20PexoT-gfp was transformed into the PA14 wildtype and PA14_prmC mutant strain both harboring the empty vector pME6032, or pME6032prmC
respectively. P. aeruginosa cultures were grown in SM-Medium supplemented with the respective antibiotics and IPTG at 37°C and shaking at 180 rpm to stimulate the T3SS. After plate. Growth and fluorescence kinetics were monitored using a Varioskan Flash (Thermo Scientific) by with an excitation λ 488nm and an emission λ 508nm.
PrmC purification
A volume of 500 ml LB supplemented with kanamycin was inoculated 1:25 with an overnight culture of E. coli BL21 cells harboring the prmC expression vector pET28aprmC. The culture was grown at 37°C and PrmC expression was induced at OD 600 of 0.5 -0.8 by addition of 1 mM IPTG. Subsequently, the culture was shaken overnight at 20°C before harvesting the cells by centrifugation. Bacterial cells were resuspended in lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 10 mM imidazole) containing 1 mM DTT, 1 mg/ml lysozyme, protease inhibitors (Complete mini, EDTA free, Roche) and Benzonase Nuclease (Novagen). After ribolysing the cells for 60 s and subsequent centrifugation at 13.000 rpm for 15 min at 4°C, the supernatant was incubated with nickel-nitrilotriacetic acid agarose resin (Qiagen) for 1 h at 4°C. The resin was washed with lysis buffer and proteins were eluted with 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl containing 1 mM DTT with a stepwise increase in imidazole concentration (50 mM, 100 mM, 150 mM, 250 mM). After SDS-PAGE analysis, the fraction containing pure protein PrmC-His 6 (elution with 250 mM imidazol) was dialyzed for 16 h at 4°C in 50 mM NaH 2 PO 4 , pH 8.0 and 300 mM NaCl.
Methylation assay
In-vitro methylation assays were performed as previously described with minor modifications . For the preparation of PA14 cell lysates, the wild type and prmC mutant strain, each carrying the PA14 prfA expression vector pME6032prfA, and the empty vector as control, Hazan, R., He, J., Xiao, G., Dekimpe, V., Apidianakis, Y., Lesic, B., et al. (2010) Homeostatic interplay between bacterial cell-cell signaling and iron in virulence, PLoS pathogens 6, e1000810.
Heurgue-Hamard, V., Champ, S., Engstrom, A., Ehrenberg, M., and Buckingham, R. H. All strains harbored the empty plasmid vector pUCP20 (white), pUCP20pqsE (grey) or pUCP20prmC (dark grey). Bacterial cultures were grown in BM2 medium and pyocyanin was extracted after 24 h growth (late stationary phase). Error bars represent one standard deviation of the mean value from three independent experiments, * P ≤ 0.05 PA14 pUCP20 versus PA14 pUCP20pqsE. Growth of E. coli wildtype strain CA293 (square), the prmC mutant strain CK783 (filled triangle) both harboring the empty plasmid vector pET28a and CK783 overexpressing prmC via pET28aprmC (grey circle). The growth media LB broth was supplemented with 1 mM IPTG. Data represent the mean from three independent experiments, * P ≤ 0.05 and *** P ≤ 0.001 CK783 pET28a versus CA293 pET28a. Anaerobic growth of PA14 wildtype (square), prmC mutant (filled triangle) both harboring the empty plasmid pUCP20 and PA14_prmC complemented with pUCP20prmC (circle) was measured in PYG-KNO3. Data is reported with standard deviation of the mean from three independent experiments. * P ≤ 0.05 and ** P ≤ 0.01
PA14_prmC versus PA14_prmC pUCP20prmC. PA14 wildtype and PA14_prmC harbored the empty plasmid pUCP20 (grey bars) and pUCP20 constitutively expressing prmC (black bars). PA14_rhlR pUCP20 was used as negative control. Bacterial cultures were grown in BM2 medium and rhamnolipids were extracted after 48 h growth (late stationary phase). Error bars represent one standard deviation of the mean value from three independent experiments. ** P ≤ 0.01 PA14 and PA14_prmC carrying the empty plasmid pUCP20 versus pUCP20prmC.
Fig. 7: Effects of PrmC on exoT activity
All strains harbored the exoT reporter plasmid pUCP20PexoT-gfp and activation of the exoT promoter was measured by fluorescence (Ex. 488nm / Em. 506nm) using a microplate reader (Synergy4; Bio-Tek) and fluorescence was divided by the respective OD600 of the cultures (relative luminescence). PA14 wildtype (white bars) and PA14_prmC (grey bars) were both transformed with the empty plasmid pME6032 and PA14_prmC was complemented with pME6032prmC (black bars). Bacterial cultures were grown in SM medium to stimulate secretion of the exotoxin T (ExoT). The average of three independent replicates is reported with standard deviation. * P ≤ 0.05 and ** P ≤ 0.01 PA14_prmC pUCP20PexoT-gfp / pME6032 versus PA14_prmC pUCP20PexoT-gfp / pME6032prmC. 
